Abstract---
INTRODUCTION
HELL structures are preferred in the industry to cover large column free open spaces as are found in airports, shopping malls, auditoriums and car parking lots .The doubly curved singly ruled conoidal shells are very popular in civil engineering industry.
Laminated composites were introduced in the second half of the last century in civil engineering shells fabrication. The researchers started working on different aspects of laminated composite shells. Researchers like Nayak and Bandyopadhyay [1, 2] , Das and Chakravorty [3, 4, and 5] and Bakshi et al. [6] studied bending and vibration characteristics of graphiteepoxy conoidal, recently.
It is important to note that failure study of the laminated conoidal shell is needed for their confident application in the industry. A laminated shell may fail in two ways i.e. interlaminar or intralaminar failure. Bolotin [7] presented a detailed study on the origin, growth and stability of delamination in composite structures. Matthew and Anthony [8] proposed a delamination criterion. Krishnamurthy et al. [9, 10] reported delamination failure of cylindrical shells subjected to impact. Bending behavior of delaminated cylindrical shells was reported by Acharyya et al. [11] and Kumari and Chakravorty [12, 13] . Natural vibration and mode shapes of delaminated cylindrical shells were reported by Acharyya et al. [11] . First ply failure of laminated plates and shells also reported by Reddy and Reddy [14] , Kam and Jan [15] , Kam et al. [16] Prusty et al. [17] , Kumar and Srivastava [18] . Reddy and Reddy [14] reported linear and nonlinear first ply failure loads of composite plates. Experimental first ply failure loads of composite plates were reported by Kam and Jan [15] and Kam et al. [16] . Prusty et al. [17] reported first ply failure loads of laminated shell panels and first ply failure loads of stiffened plates were studied by Kumar and Srivastava [18] .
It is noted from the literature that failure study of laminated conoidal shells is not reported by any researcher although the importance of this shell form in the industry is enormous. To fill the void in the literature, the present study intends to study interlaminar and intralaminar failures of composite conoidal shell.
II. MATHEMATICAL FORMULATION
A doubly curved laminated composite conoidal shell ( Figure 1 ) with radii of curvature 'R yy ' and 'R xy ' is considered in the present study. The thickness of the shell 'h' consists of a number of laminae in each of which, fibers may be arbitrarily oriented along the local axis of the lamina and at an angle 'θ' with reference to the global x-axis of the shell (Figure 2) . The governing equations of the composite shell, straindisplacement relations as well as the cubical shape functions adopted here are same as those were reported by Das and Chakravorty [3] . The static bending problem is solved by employing Gauss elimination method and the displacements are further used to evaluate the stress as explained below.
Lamina strains situated at a distance 'z' from the midplane are evaluated in global axes as, Well known failure theories like maximum stress, Hoffman, Tsai-Wu and Tsai-Hill are used to obtain the intralaminar and interlaminar failure loads of the conoidal shell. The expressions of the failure theories used in the present study are those reported by Reddy and Reddy [14] .
The lamina stresses, σ 2 and σ 6 are utilized to evaluate the delamination failure loads. These stresses correspond to two consecutive laminae are averaged to obtain their values at the interface and are further used in the aforementioned failure theories to get the delamination failure loads.
III. NUMERICAL PROBLEMS
A finite element code is developed for the present study which is used to obtain the failure loads of the composite conoidal shells. The bending formulation is validated by comparing the static displacements obtained from the present formulation with the values published by Hadid [19] [Refer Table 1 ].The failure formulation is validated by comparing the first ply loads of a partially clamped plate. The present results are compared with the values reported by Kam et al. [16] [Refer Table 2 ].
Several other numerical problems of simply supported composite conoidal shells are also studied .The Q-1115 graphite-epoxy is considered as fabrication material for the conoidal shells under study and the corresponding material properties are those as reported by Kam et al. [16] . The shell options under study are subjected to concentrated load at the centre. The failure loads, failure locations on the shell surface and the failed lamina, counted from the top of the laminate downwards, correspond to the first ply failure and delamination failure of the composite conoidal shells are reported in Tables 3 and 4 respectively.
IV.
RESULTS AND DISCUSSION Tables 1 and 2 shows good agreement between the present results and the benchmark values. Four well accepted failure theories are used in the present study to obtain the failure loads for a given lamination and the minimum failure load among them is designated as the first ply failure strength of that lamination. It is noted from Table 3 that the first ply failure loads of cross ply laminated shells are higher than the angle ply ones when the stacking orders are same. The simply supported conoidal shells deform along its two plan directions. In cross ply laminated shells, the fibers are running parallel to the plan directions while in angle ply ones, no fibers are running along the directions of deformations. As the elastic modulus of laminae along the fiber direction is higher compared to the perpendicular direction of the fibers, the cross ply laminated shells show higher first ply failure loads compared to the angle ply ones. In all the shell options, (except in the 45 0 /45 0 shell where the failure load obtained from Hoffman failure theory overestimates the minimum failure load by 1.03 times only which is a nominal margin) Hoffman failure theory shows the least failure load and hence governs the design of the shell for first ply failure mode point of view. The bottommost lamina failed first for the shells under study and the failures are occur under the concentrated load. Higher stress concentration under the concentrated load leads to the tensile failure of the bottommost ply. The 0 0 /90 0 /0 0 shell exhibits the highest first ply failure load and shows the best performance among all the stacking orders.
For delamination study the stresses are evaluated at the lamina interfaces and are used in the failure theories to obtain the delamination failure loads. The minimum failure load for a given lamination is designated as the delamination strength of the laminate. It is noted from Table 4 that the delamination strength is highest for the two layered cross ply shell. The two layered angle ply shell also shows the highest failure load when the comparisons of failure loads are restricted within angle ply laminates. In two layered shells, the top and the bottom laminae subjected to compressive and tensile stresses respectively and both laminae maintain the equilibrium of the shell. Moreover, for two layered shells the plane prone to delamination is only one. Therefore the lamina interfaces in these shells subjected to negligible stresses compared to the three and four layered shells. This is why the lamina interfaces in two layered shells fail in significant higher loads compared to lamina interfaces in three layered and four layered shells. Hoffman failure theory governs the delamination failure load for all the cross ply shells while for the angle ply shells, TsaiWu failure theory shows the minimum delamination failure load. Table 3 and 4 shows that for two and three layered cross ply shells the first ply failure mode governs the design of the shell as the failure loads are lower compared to the corresponding delamination failure loads. However for the four layered cross ply shell with antisymmetric stacking order, the delamination failure load governs. This is true for symmetric 0 0 /90 0 /90 0 /0 0 shell also but for this the delamination and first ply failure loads give close results. It is further observed that for all angle ply shells, delamination failure loads are more than the first ply failure loads for all the stacking orders under study. The observation clearly indicates that detailed study is required to actually predict the failure load of a laminated composite conoidal shell roof. Among the different stacking sequences considered in the present study the 0 0 /90 0 /0 0 and 0 0 /90 0 laminates show the maximum resistance against the first ply and delamination failures respectively and are taken up for further study with eccentric load positions. The load position is varied discretely along both the plan dimensions and also along the diagonal as furnished in Figures 3 to 8 . Interestingly for both first ply and delamination failures the failure load value does not show any unified correlation with the load position, rather the failure load varies harmonically with change in load position eccentrically. One common trend which are found for both first ply and delamination failure modes is that the absolute maximum value of the failure load are achieved for a load position eccentric along the beam direction. The absolute maximum value for the first ply failure load is almost 2.5 times of the failure load when the load is concentric. For delamination failure mode the absolute maximum value of the failure load is about 1.4 times of what one gets when the load is concentric. Another behavior for eccentric load positions which is somewhat unified is the fact that shifting the load position along the diagonal does not change the failure loads to any appreciable extent but when e d /d exceeds '1/4'the failure load value shows a sharp abrupt decrease in its magnitude. These observations lead to the conclusion that a bit of load eccentricity along the diagonal may be allowed any loss of ultimate stiffness but if the load have to be placed along one of the plan directions only, then a detailed analysis has to be done before taking a decision. 
V. CONCLUSION
A finite element code is developed to study intralaminar and interlaminar failures of simply supported composite conoidal shells and validated through solution of benchmark problems. The comparative study of the failure loads for delamination and first ply failure modes show that a conoidal shell may fail either in delamination or in first ply failure mode depending on stacking sequence. Hence a comprehensive study is needed to estimate the actual failure load. This is actually the essence of this paper also. It may further be concluded that a bit of load eccentricity along the diagonal may be allowed without any appreciable loss of load carrying capacity but if the load has to be placed along one of the plan directions only, then a detailed analysis is to be done before taking a decision because such eccentric load position may result in substantial loss of structural stiffness.
NOTATIONS a, b
Length and width of the shell. E 11 , E 22, E 33 Elastic moduli. e x , e y , e d Eccentricity of load measured from the center of the shell along x, y and diagonal directions respectively G 12 , G 23 , G 13 Shear moduli. h Thickness of the shell.
hh, hl
Higher and lower height of the conoidal shell.
R yy
Radius of curvature of the conoidal shell along y direction.
R xy
Radius of cross curvature of the conoidal shell. x,y and z Global co-ordinates of the laminate. Inplane normal strains along 1 and 2 axes of a lamina respectively. ε 6 Inplane shear strain in 1-2 plane of a lamina. 
